Abstract -Daily growth increments measured in the otolith of Thunnus atlanticus were used to estimate the age and growth of individuals, which were sampled from an artisanal fishery operating around fish aggregating devices (FADs) moored off Martinique Island. In this study, 76 otoliths were analysed for fish ranging from 20 to 68 cm fork lengths (FL). The fish were caught using trolling lines at depths ranging from 0 to 10 m. Counts were made, under a light microscope, on the external part of the transverse section of the sagittae, from the primordium to the ventral edge. The mean coefficient of variation of the age reading was 2.4%. To validate readings, the number of increments for 11 individuals was counted using both optic and scanning electron microscopes. The calculated relationship between readings of both methods was found to be linear, with a slope of 1.03 and R 2 = 0.99. Frequency of growth increment formation could not be validated. Growth rates derived from otolith readings were, however, compared to those obtained using a modal progression analysis, which was performed on the length-frequency distributions of the landings over a period of two months. The corroboration between the growth rates was good. One increment was assumed to represent one day. The parameters of the von Bertalanffy growth curve for both sexes were L ∞ = 71.4 cm FL, k = 0.002 day −1 and t 0 = −80 days. According to our results, there is no evidence that Martinican moored FADs act as ecological traps for blackfin tuna. Instead, young blackfin tuna probably leave the vicinity of Martinican moored FADs to undergo a trophic migration at 7 to 8 month-old, and then come back about 8 months later to breed in the Lesser Antilles area.
Introduction
The blackfin tuna, Thunnus atlanticus (Lesson 1831), is a small-sized tuna which can be found in the Western a Corresponding author: Mathieu.Doray@ifremer.fr
Atlantic approximately between latitudes 40
• N and 25
• S. In Martinique and in most of the islands of the Lesser Antilles, blackfin tuna is a major target for small scale commercial fishermen (Doray et al. 2002a ). Blackfin tuna is caught during daytime with sub-surface trolling lines, sometimes over seamounts but mostly around moored Fish Aggregating Devices (FADs). According to the sampling of partial landings conducted in Martinique by the French Research Institute for the Exploitation of the Sea (Ifremer), blackfin tuna is, in number of individuals, the main species caught around moored FADs. In fact, like other small-sized tunas, blackfin tuna is usually caught around FADs in order to be used as lived bait on single vertical drifting longlines that target adult blue marlin, Makaira nigricans (Lacepède 1802), and yellowfin tuna, Thunnus albacares (Bonnaterre 1788; Doray et al. 2002b ).
Due to the growing importance of the domestic pelagic fisheries and because of the predictable development of moored FAD fisheries in the Lesser Antilles (FAO 2002) , the knowledge of accurate population dynamics parameters, particularly those dealing with growth and age, is crucial in the short term to ensure a sustainable management of blackfin tuna stocks.
Growth features of adult blackfin tuna have been studied by some authors using several methods: modal progression (Beardsley and Richards 1970) , tagging and scale reading (Idyll and DeSylva 1963) , annular rings on vertebrae reading (Carles Martin 1975) , annular marks in the first dorsal fin spine (Garcia Coll et al. 1984; Garcia and Bosch 1986) , and comparison of results from dorsal fin spine, pectoral ray, anal fin spine, otolith and vertebra (Neilson et al. 1994) . The results of these studies showing little consistency, we chose to study the growth of blackfin tuna caught around moored FADs in Martinique using otolithometry. The presence of a moored FAD fishery targeting blackfin tuna in Martinique suggested that the sampling of otoliths and statistical data for the study would be relatively straightforward. Moreover, because 75% of the T. atlanticus caught around moored FADs and sampled by Ifremer were juveniles (Doray et al. 2002b) , interesting information should be gathered on the growth of juveniles tunas.
Materials and methods
All blackfin tunas, sampled in the present study, were caught with sub-surface trolling lines (0−10 m) near FADs moored around Martinique, from November, 1999 to January, 2001 at different landing sites around the island (Southern Atlantic coast and Northern Caribbean coast). Because of the reluctance of fishermen to mutilate their fish in order to extract otoliths, as previously reported for the area (Neilson et al. 1994) , the head of the whole-fish had to be purchased most of the time.
Otolith examination
After fork length measurement (FL in cm), only the largest otolith (sagittae) was dissected, either from freshly captured fish or from frozen specimens. Otoliths were removed from the otic cavity and stored dry. In the laboratory, sagitta were cleaned in household bleach, rinsed in distilled water, dried in alcohol and then embedded in a clear epoxy resin. Blocks containing sagitta were sectioned transversally on each side of the core with a Buehler Isomet  low speed diamond saw. The section was attached to a microscope slide with a Crystalbond  thermoplastic glue. The upper face was ground with a 1200 wet sand paper and polished with a series of different grit sizes of aluminium powder (3 µm, 1 µm and 1 / 4 µm). When the core was close to the surface, the section was returned on the glass slide and the section was ground and polished again until the core was reached and a thin section of 75 to 100 µm maximum was obtained.
The surface of this thin section was partially decalcified with buffered EDTA (ethylene-diaminetetraacetic acid, pH = 7.2) to make the increments used to estimate the age more easily identifiable.
Age determination and growth
Microincrements were counted on these transverse sections under a light microscope (1000x) equipped with a MPL 100x dry lense. As for other tunas (Stéquert et al. 1996) , the readings of increments were made on the external part of the transverse section along the ventral limb (Fig. 1) . For each otolith, three independent counts were made at different times (without prior knowledge of the previous counts) and by three different readers. The mean, standard deviation and coefficient of variation (CV) of age estimates were calculated for each fish. The coefficient of variation was calculated as CV% = 100 (SD M), where SD is the standard deviation and M is the mean of the three counts from each fish. The result of the reading is considered accurate enough if the CV is lower than 5% (Laine et al. 1991 ). An average CV was also calculated for the whole sample, as the mean of the CVs of all the fishes.
A relationship between otolith size and fish size (fork length) was described for further back calculations. Since transversal section was used for ageing, the length of the reading path (CP) was considered as otolith size (Fig. 1c) . In order to confirm counts made under light microscope, sections of sagittae from a sub-sample of 11 fish were prepared for examination under a scanning electron microscope (SEM).
We assumed that one increment on the transverse section of the otoliths corresponded to one day in order to build a von Bertalanffy growth model for blackfin tuna. We described the relationship between individual sizes (FL in cm) and ages (t in years which is supposed to be equal to the number of increments divided by 365). The equation of the model is
where L t is fork length at age t; L ∞ the asymptotic fork length, K the coefficient of growth and t 0 the theoretical age for L = 0.
Corroboration of age interpretation
Methods for age corroboration cannot be used to validate the estimation of an absolute age but can be used to confirm the accuracies of an age estimate or that of a method. Monitoring of the progression of length frequency modes through time is one of the most basic of the length frequency analyses which is possible, and can be a reliable form of age corroboration in young, fast-growing fish (Campana 2001 ) such as juvenile tunas. The corroboration occurs when the resulting growth estimate is compared to that of the age determination method (Campana 2001) .
The distribution of monthly aggregated length frequency data of blackfin tuna caught around FADs and sampled from May, 1998 to May, 2002 showed little evidence of a shift of the smallest mode between July and September, in the FAD catches of the Northern Caribbean coast. Therefore, intensive sampling was conducted in order to measure as many blackfin tunas as possible during July and September, 2002 in the Northern Caribbean area.
The mean values (±SD) of the modes in the size frequency distribution of the sample were estimated for July and September using the Bhattacharya's method, with the software FISAT issued from FAO-ICLARM (Gayanilo et al. 1995) ; m 1i is the mean value of the ith mode in July and m 2 j the value of the jth mode in September. We assumed that each calculated mode m 1i and m 2 j corresponded to a cohort and attributed each of them to their respective cohorts.
From equation (1), t value is determined as:
. We successively replaced L t by the m 1i values. We obtained the mean ages t 1i of the fishes for each of the cohorts for July. We calculated the theoretical values m 2i of the modes for each cohort "i" in September, by replacing t by t 2i = t 1i +60 in equation (1). Then, we compared, for each cohort "i", the theoretical m 2i to the experimental m 2i values, so as to corroborate the growth rates issued from otolith reading and from modal progression.
Results
All of the 76 fishes sampled had readable otoliths; they measured from 20 to 68 cm (Fig. 2a) . The size distribution of the 426 fishes sampled for the modal progression study is presented (Fig. 2b) .
The otoliths (sagitta) of blackfin tuna have essentially the same appearance as those from small yellowfin and bigeye tuna. After a confirmation at the microscopic level and because 16 M. Doray et al.: Aquat. Living Resour. 17, 13-18 (2004) they also had the same structure, we considered that counting increments on the transverse section was the best way for the determination of age for the blackfin tuna.
Age determination
The calculated relationships between the length of the reading path (CP, in cm) and the fork length (FL, cm) of the fishes is: CP = 0.0022 FL + 0.033 with R 2 = 0.918 (Fig. 3) .
The ages of the 76 blackfin tuna examined were estimated to range from 100 to 997 days with a coefficient of variation of the age estimates, CV = 2.4% (Fig. 4) . The growth parameter estimates were calculated using a non linear regression procedure provided by the software STATISTICA  . Age in days was used for calculations. The von Bertalanffy growth curve (VBGC) parameters were L ∞ = 71.4 (±9.2) cm, k = 0.002 (±0.001) day −1 and t 0 = −80 (±47) days with R 2 = 0.99 (Fig. 5) . After determination of age under light microscope, 11 sections of otoliths were prepared for observation and reading under scanning electron microscope. The relationship between the ages determined by both methods is: N opt = 1.03 N sem − 3.12 with R 2 = 0.99, where N opt is number of increments under light microscope and N sem number of increments under scanning electron microscope. Since the slope of this linear relationship is not significantly different from 1, we can consider that light microscope does not underestimate age.
Corroboration of age interpretation
A total of 275 and 151 blackfin tunas were measured in July, 2002 and September, 2002 respectively. Two predominant modal classes (m 11 and m 12 ) were identified in July (Fig. 2b) . These modes although still present in September, were less important. A new mode of recruits appeared in September (m 21 ), becoming the main component of the distribution; this mode probably originated from a truncated mode of juveniles (FL ≤ 25 cm), which was visible in July. Hence, young tunas appear never to be recruited into the moored FAD fishery at sizes less than 20 cm as a result of the selectivity of the trolling lines. In September, the second mode (m 22 ) could be considered as corresponding to the same cohort as the mode (m 11 ) observed in July. Similarly in September, the last mode (m 23 ) originates from the mode (m 12 ) observed in July.
The mean values (±SD) of the modes, the calculated t i values and the m 2i values are presented in Table 1 for the cohorts of July and September.
As the calculated modes were very close to the experimental modes (m 21 = 32 and m 22 = 32 cm ; m 23 = 53 and m 23 = 54 cm), we considered that the growth rate derived from modal analysis was very comparable to the growth rate derived from otolith analysis. For the time period considered, we concluded that the corroboration and then the accuracy of the otolith aging method were good. 
Discussion
The small scale moored FAD fisheries in Martinique is characterised by irregular catches landed at 131 landing sites scattered around the island (Gobert 1989) . This context as well as a reduced sampling capacity have hindered the implementation of a classical random sampling plan.
The majority of the fishes in our sample being juveniles (79%), we were not able to distinguish between sexes. Garcia Coll et al. (1984) found a significant difference in growth rate between male and female blackfin tuna in Cuba whereas Garcia et al. (1986) found none in the same area.
L ∞ obtained in the present study is nearly 30% less than the maximum length ever recorded for a blackfin tuna (100 cm) (Collette and Nauen 1983) , which, according to Fishbase, is a consistent result (Froese and Pauly 2003) . The biggest fish in our sample was 68 cm long and would be 3 years old according to our VBGC. The biggest blackfin tuna sampled in Martinique since May, 1998 was 81 cm FL long. To our knowledge, no data is available on the longevity of blackfin tuna.
The k factor is the highest mentioned in the literature and the time at length zero is far lower than in other studies (Table 2 ). This result suggests that the blackfin tuna could have a higher daily growth at early stages than previously assumed. Our sample is characterised by a high number of small fishes and may better reflects the growth of juvenile blackfin tunas. In fact, sub-surface trolling lines mainly allow the catch of small juvenile blackfin tunas. During echosounding surveys around moored FADs in Martinique, large aggregations of adult blackfin tunas were observed below the depth layers targeted by surface trolling lines (Doray, unpublished data) . Adult fish are however poorly represented in our sample (16 individuals).
The growth rings of 12 blackfin tuna otoliths from St Vincent, another island of the Lesser Antilles were previously studied (Neilson et al. 1994) . The age estimations given in that study were very different from our results: being on average 3.3 years older than those issued from otolith reading from Martinique. Migration is often pronounced in young fish and this hinders the use of sampled modal progression for daily age validation (Campana 2001) . Hence, we were only able to follow what we supposed was an age group during 2 months, whilst we should have performed a modal progression analysis over a year in order to achieve an absolute age validation (Campana 2001) .
The small number of blackfin tuna between 35 and 48 cm FL observed in Martinique may be the result of a "trophic migration" (Taquet et al. 2000) . According to our VBGC, the blackfin tunas could leave the vicinity of Martinique when they reach a size of about 32 cm i.e. at the age of 7 months. They could return to the island about 8 months later, at the age of 1.5 year (52 cm FL) apparently to breeding.
The minimum size of first maturity for the blackfin tuna near Cuba is 39 cm in fork length (García-Cagide et al. 1994 ). According to Taquet et al. (2000) , because of the "observation, during May and June, of numerous mature males and females around FADs, there probably is a blackfin tuna breeding ground in the Lesser Antilles". Thunnus atlanticus is assumed to spawn between April and September in the Caribbean, and between March and October in the Gulf of Mexico (Battaglia 1993) . The smallest length mode for the catches in Martinique (26 cm) is observed between August and November. According to our VBGC, those fishes would be between 2 and 4 months old. The juveniles of the year would hence be born between March and October, which is within the spawning period given by Battaglia (1993) .
Conclusion
As mentioned by Fréon and Dagorn (2000) , "most of the studies on the behaviour of fish under floating objects have been conducted on fish associated with anchored FADs, because of several factors such as the major role of FADs in the development of some artisanal fisheries, and because of their locations in accessible coastal areas". The results presented here confirm that moored FADs also provide opportunities to study the biology of the large pelagic species.
The corroboration method used in this study provided good results over two months. The daily deposition rate of growth increments of blackfin tuna should, however, be validated with methods that have successfully been applied to other species of tuna: for example tag-return experiments (e.g. Hearn and Polacheck 2003) or otolith chemical marking and rearing (e.g. Tanabe et al. 2003) . The growth rate of adult blackfin tuna should also be thoroughly studied to get an accurate growth model for both sexes and across the age range of interest. 18 M. Doray et al.: Aquat. Living Resour. 17, 13-18 (2004) The fact that we observed progression of the modes in the length frequency distribution of catches from moored FADs between July and September, 2002 and more generally in the cumulated monthly data from 1998 to 2002, indicates that juvenile and adult blackfin tuna, observed in July, must have remained associated with moored FADs around Martinique for at least 2 months. We did not find convincing evidence of a longer association of those tunas with the moored FADs in our dataset and rather, blackfin tuna seem to leave when they reach the age of 7 to 8 months. According to our growth and age model and to the length structure of the catches, there is no evidence that the moored FADs act as an "ecological trap" (Marsac et al. 2000) in Martinique.
